ABSTRACT Stress granules (SGs) are dynamic cytoplasmic repositories containing translationally silenced mRNAs that assemble upon cellular stress. We recently reported that the SG nucleating protein G3BP1 promotes antiviral activity and is essential in double-stranded RNA-dependent protein kinase (PKR) recruitment to stress granules, thereby driving phosphorylation of the ␣ subunit of eukaryotic initiation factor 2 (eIF2␣). Here, we delineate the mechanism for SG-dependent PKR activation. We show that G3BP1 and inactive PKR directly interact with each other, dependent on both the NTF2-like and PXXP domains of G3BP1. The G3BP1-interacting protein Caprin1 also directly interacts with PKR, regulates efficient PKR activation at the stress granule, and is also integral for the release of active PKR into the cytoplasm to engage in substrate recognition. The G3BP1-Caprin1-PKR complex represents a new mode of PKR activation and is important for antiviral activity of G3BP1 and PKR during infection with mengovirus. Our data links stress responses and their resultant SGs with innate immune activation through PKR without a requirement for foreign double-stranded RNA (dsRNA) pattern recognition.
tress granules (SGs) are dynamic cytoplasmic foci containing translationally silenced messenger RNP (mRNP) condensates which form in response to a wide range of cellular stresses that inhibit protein synthesis through the activation of any of four ␣ subunit of eukaryotic initiation factor 2 (eIF2␣) kinases (1, 2) . SGs contain many translation initiation factors, 40S ribosomal subunits, mRNAs, and dozens of RNA binding proteins. Ras-GTPaseactivating protein (SH3 domain) binding protein 1 (G3BP1) and Caprin1 are SG resident proteins that have been reported to form stable complexes with each other (3) (4) (5) . Both G3BP1 and Caprin1 are also considered SG nucleating proteins, because expression of either protein results in assembly of SGs independent of exogenous stressors (2, (5) (6) (7) . Further, depletion of G3BP1 inhibits SG formation in response to several stressors (8) (9) (10) . Depletion of Caprin1 has not been extensively studied, although sequestration of Caprin1 by a viral protein does inhibit SG formation (11) . The effects of Caprin1 or G3BP1 depletion may be caused by disruption of the G3BP1-Caprin1 protein complex, as genetic ablation of either G3BP1 or Caprin1 in mice causes similar neurological defects (12, 13) . Double-stranded RNA (dsRNA)-dependent protein kinase (PKR) is one of the four cellular eIF2␣ kinases and functions as an RNA sensor that can bind viral double-stranded RNA, autophosphorylate itself, and inhibit translation by phosphorylating translation factor eIF2␣ (14) . PKR is also known to regulate cell fate decisions and innate immunity (14) . Viruses employ a plethora of mechanisms to counter PKR activation and thus promote infection (9, (15) (16) (17) . PKR was recently reported to localize to influenza virus-induced SGs (9, 18) , but it is unclear if localization affects PKR function. Our previous data showed that PKR activation can occur after SG assembly, suggesting SGs may promote PKRmediated innate immune responses (6) . SG assembly during virus infection is countered by many viruses; however, the reasons viruses oppose SGs are unclear. Viruses from different families disrupt or subvert SG proteins by a variety of approaches (8, 16, (19) (20) (21) (22) (23) (24) , suggesting that stress granules or components play antiviral roles against these viruses. In many cases, it is unclear if the SG per se is antiviral, or if the function of SG proteins is antiviral. G3BP1 is targeted by enteroviruses, alphaviruses, and flaviviruses to promote productive in-fection, suggesting that some aspect of G3BP1 function in SG assembly or elsewhere is antiviral (8, 21, 22, 25, 26) . Caprin1 is also hijacked during infection with Japanese encephalitis virus and vaccinia virus (11, 17) . Thus, disruption of either G3BP1 or Caprin1 alone or G3BP1-Caprin1 complexes is an important determinant for viral replication.
Recent reports have linked, but not clearly defined, a role for SGs in activation of innate immune pathways (9, 16, 25) . We showed that G3BP1, but not G3BP2, is cleaved during poliovirus infection, resulting in the disassembly of SGs (8) . Cleavage of G3BP1 may enhance viral translation by disassembling SGs and/or augment innate immune activation by SGs and/or G3BP1. We previously showed that PKR is activated as large SGs assemble, by using G3BP1-induced SGs as a model (6) . Recently, we showed that G3BP1 mediates PKR recruitment to SGs and that G3BP1 is an antiviral protein whose antiviral functions require its PXXP domain (27) . However, the mechanistic connections between G3BP1, SGs, and PKR activation that factor into G3BP1 antiviral activity have not been characterized. Together, these data suggest that poliovirus cleaves G3BP1 to disassemble SGs to aid viral translation but also inhibit activation of innate immunity.
Here, we sought to delineate the mechanism for G3BP1 and SG-mediated PKR activation in response to the assembly of large G3BP1-induced SGs. We found that PKR directly interacts with G3BP1 through the NTF2-like and PXXP domains of G3BP1. The recruitment of inactive PKR to SGs through this interaction correlates with its activation. We also show that Caprin1, in a complex with G3BP1, participates in PKR activation and regulates the release of PKR from the stress granule for interaction with its substrates. Importantly, we found that this mechanism restricts viral infection. These data indicate that innate immune defenses and the stress response are not just coincident but rather interdependent through G3BP1-mediated PKR activation. Further, virus-induced SGs provide a mechanism to elicit and amplify PKR and innate immunity without the need for specific pathogen recognition through the pathogen-associated molecular pattern (PAMP)--pattern recognition receptor (PRR) system.
RESULTS
The NTF2-like and PXXP domains of G3BP1 are important for PKR activation. We recently showed that the antiviral properties of G3BP1 rely on G3BP1 nucleation of SGs and recruitment of PKR to G3BP1-induced SGs. PKR recruitment is dependent on the centrally located PXXP domain (Fig. 1A) (27) . However, the mechanistic details of PKR recruitment to SGs, the effects of G3BP1 and SGs on PKR activation, and the importance of this pathway for viruses are as yet unclear. Because we are interested in SG-dependent signaling, we utilize G3BP1-induced SGs as a model to study stress granule function. G3BP1-induced SGs are compositionally similar to SGs that form in response to exogenous stressors (2, 6) and allow induction of stress granules in the absence of activation of many signaling pathways that complicate analysis of SG-dependent signaling pathways.
To investigate the mechanism of G3BP1 antiviral activity and the role of PKR, we examined localization of PKR to SGs induced in several cell lines by G3BP1 expression. In HeLa and U2OS cells, we observed strong localization of PKR to G3BP1-induced SGs (Fig. 1B) . PKR also colocalized with G3BP1-induced SGs produced during expression of G3BP1-green fluorescent protein (GFP) in mouse embryonic fibroblasts (MEFs) genetically ablated for endogenous G3BP1 expression (Fig. 1B) . These results indicate that the signaling pathway linking SGs to PKR activation is likely intact in these cell lines, as we previously reported (6), and is not dependent on endogenous G3BP1. Our previous work implicated the PXXP domain of G3BP1 in PKR localization to SGs, so we sought to determine whether expression of the PXXP deletion mutant of G3BP1 (G3BP1⌬PXXP) correlates with PKR activation (27) . We expressed the indicated G3BP1 deletion mutants in HeLa cells and analyzed PKR activation with a phospho-specific antibody against threonine 446 of PKR (Phospho T446 PKR; P-PKR). This site is autophosphorylated by PKR during activation and is therefore a good marker of PKR activity. Strikingly, we found that PKR is not activated when the PXXP deletion mutant of G3BP1 is expressed despite the assembly of granules (Fig. 1C, lane 4) . To confirm that the band representing t446 P-PKR is indeed PKR, we depleted PKR with small interfering RNAs (siRNAs), which resulted in the complete loss of the P-PKR signal (Fig. 1C , compare lanes 2 and 3 with lanes 6 and 7).
We previously published a method for following PKR activation in cells containing large G3BP1-induced SGs using P-eIF2␣ intensity in immunofluorescence microscopy analysis (IFA) (6) . G3BP1-induced SGs do not activate other eIF2␣ kinases (6) . Therefore, monitoring eIF2␣ phosphorylation is a good indicator of PKR activation in cells with large G3BP1-induced SGs. To confirm the results presented in Fig. 1C , we examined HeLa cells expressing mutants of G3BP1 by using IFA (Fig. 1D ). This approach confirmed that expression of the G3BP1⌬PXXP mutant does not activate PKR (Fig. 1D) . Another G3BP1 deletion lacking the NTF2-like domain (G3BP1⌬NTF2 mutant) (Fig. 1A) does not induce SGs when expressed. We found that PKR is not activated in cells expressing high levels of the G3BP1⌬NTF2 mutant, suggesting that proper assembly of SGs is an important determinant for PKR activation (Fig. 1D) . Together, these results indicate that both the NTF2 and PXXP domains are important in PKR activation at the stress granule.
G3BP1 directly interacts with PKR. Our data suggest that G3BP1 may interact with PKR and regulate activation at the SG. To assess this possibility, we used a purified system with bacterially expressed proteins. PKR is known to autophosphorylate itself in bacterial cells, rendering it active; however, coexpression of phosphatase produces inactive PKR (28, 29) . Amylose affinity chromatography was performed with maltose binding protein (MBP)-tagged MS2 as a control. MS2 is the coat protein from bacteriophage, which is not expressed in mammalian cells, and provides a negative control. In parallel, a series of MBP-tagged deletions of G3BP1 were also examined (Fig. 1A) . Our results indicated that the full-length MBP-G3BP1 and the MBP-tagged G3BP1⌬acidic truncation efficiently interacted with inactive PKR but did not interact with active PKR (Fig. 2A, lanes 7 and 9) . However, neither the G3BP1⌬NTF2 mutant nor the G3BP1⌬PXXP mutant interacted with inactive PKR, consistent with our PKR activation experiments, illustrating that both the NTF2-like and PXXP domains are required to activate PKR (Fig. 1D) . These results indicate that activation of PKR by G3BP1 is more complicated than simple recruitment of PKR to the SG. To further characterize the mechanism of G3BP1-mediated regulation of PKR, amylose chromatography was repeated in the presence of ATP with varied amounts of poly(I:C) in the reaction mixture. Indeed, poly(I:C) caused a reduction in the amount of PKR-G3BP1 complexes, indicating that conformational changes in PKR induced by Reineke et al. poly(I:C) binding are sufficient to dissociate or prevent the association of PKR and G3BP1 (Fig. 2B, compare lanes 3 and 4) . Alternatively, it is possible that PKR binding to G3BP1 is a loweraffinity interaction than that of PKR and poly(I:C).
The G3BP1 binding protein Caprin1 associates with PKR. Several studies have documented a protein complex containing G3BP1 and Caprin1 (3, 5, 30) . Because PKR and Caprin1 binding to G3BP1 requires the NTF2-like domain of G3BP1, we considered whether Caprin1 also interacts with PKR and performed immunoprecipitation (IP) experiments with purified proteins. In this case, we used protein A-Sepharose to precipitate Caprin1-containing complexes with either nonspecific IgG or Caprin1 antibodies. When Caprin1 was incubated with either inactive PKR (PKR) or active PKR (P-PKR), we observed robust IP of inactive PKR but not active PKR (Fig. 2C, compare lanes 2 and 4) . These results are similar to what we observed in MBP-G3BP1 pulldown experiments, indicating that Caprin1 directly interacts with PKR.
G3BP1, Caprin1, and PKR coprecipitate with each other. To investigate the relative strength of the interactions between G3BP1 or Caprin1 and PKR, we performed competition experiments with constant amounts of wild-type MBP-G3BP1, inactive PKR, and increasing concentrations of purified Caprin1. We found that even at concentrations exceeding the concentration of MBP-G3BP1 in the reaction, Caprin1 was unable to dissociate inactive PKR from G3BP1 (Fig. 3A, compare lanes 3 to 6) . Interestingly, increasing concentrations of Caprin1 caused a dose-dependent HeLa, G3BP1-KO MEF, and U2OS cells were transfected with G3BP1 constructs and stained for PKR. Images were captured using deconvolution microscopy. PKR is represented in red, and G3BP1 (expressed from pG3BP1-GFP) is shown in green. DAPI (4=,6-diamidino-2-phenylindole)-stained nuclei are visible in blue. (C) The indicated GFP-tagged G3BP1 mutants were expressed in HeLa cells, and PKR was depleted with siRNAs. Total PKR, T446 phosphorylated PKR, eIF3C, and GFP were examined by Western blotting, as indicated. (D) Immunofluorescence was used to correlate P-eIF2␣ with PKR activation in HeLa cells. Previously published methodology was used to quantify P-eIF2␣ and is described in Materials and Methods (6) .
increase in the G3BP1-Caprin1 complexes, indicating that (i) the purified proteins are functional at least at the level of complex formation and (ii) Caprin1 and PKR likely have different binding sites on G3BP1.
Since both G3BP1 and Caprin1 interacted with inactive PKR, we conducted another competition experiment to examine the dynamics of the Caprin1-PKR interaction. Constant amounts of Caprin1 and inactive PKR were added to reactions with increasing concentrations of G3BP1. In this case, increasing concentrations of G3BP1 caused dissociation of inactive PKR from Caprin1 ( Fig. 3B ; compare lanes 2 to 5). Decreased levels of Caprin1-PKR complexes coincided with increasing G3BP1-Caprin1 complexes. These results suggest that G3BP1 and PKR bind the same site on Caprin1. Together, these results clearly indicate that PKR can bind both G3BP1 and Caprin1, and each component of the complex likely causes allosteric changes that could be important for regulation within cells. An alternative explanation is that the Caprin1-G3BP1 interaction has a higher affinity than that of Caprin1-PKR, causing the observed reduction in inactive PKR precipitated with Caprin1 ( Fig. 3B ).
Since our experiments indicate that purified G3BP1 or Caprin1 protein can interact with inactive PKR, we considered whether either G3BP1 or Caprin1 protein is required to interact with PKR to gain insight into the interdependence of each component of the protein complex cells. Thus, Caprin1 was depleted from HeLa cells, and then overexpressed G3BP1-GFP was immunoprecipitated. There was no reduction in G3BP1-bound PKR when Caprin1 was depleted (Fig. 3C , compare lanes 6 and 8). In this experiment, we utilized a C-terminal GFP-tagged G3BP1 (G3BP1-GFP) construct and found that fold enrichment of PKR by G3BP1-GFP in immunoprecipitates was less than that observed for the N-terminal GFP-G3BP1 tag (compare Fig. 3C , lanes 5 and 6, to Fig. 4A , lanes 7 and 8). Additional pulldown experiments with the C-terminal G3BP1-GFP construct indicated that G3BP1 with a C-terminal GFP tag consistently enriches for PKR over GFP alone but less efficiently than the N-terminally tagged GFP-G3BP1 construct (see Fig. S1A and B in the supplemental material, which show low enrichment of PKR with G3BP1-GFP). Therefore, an N-terminally tagged GFP-G3BP1 construct was used for most experiments in this study.
When the reciprocal experiment, in which endogenous G3BP1 was depleted and overexpressed GFP-Caprin1 was immunoprecipitated, was conducted, a decrease in Caprin1-bound PKR was observed (Fig. 3D , compare lanes 6 and 8). This decrease was similar to the reduction in G3BP1 in complex with Caprin1 (Fig. 3D , compare lanes 6 and 8). We also found that active PKR was capable of interacting with Caprin1 in cells and was affected by G3BP1 depletion (Fig. 3D , compare lanes 6 and 8). Since direct interaction was not observed with purified PKR and Caprin1 (Fig. 2C) , this suggests that a third unknown factor in cells is required for this interaction. Together, these results indicate that G3BP1 is an integral cofactor in the G3BP1-Caprin1-PKR complex, and G3BP1 contributes to the integrity of the complex, promoting PKR activation.
The NTF2-like domain of G3BP1 is critical for PKR activation independent of G3BP1 dimerization. To further investigate the mechanism of SG-dependent PKR activation and the role of G3BP1 in activation, we expressed the NTF2-like domain of G3BP1 in HeLa cells followed by IP. Surprisingly, we do not observe coprecipitation of PKR with the NTF2-like domain by itself (Fig. 4A, lane 9) . These results are consistent with a role for an additional domain, likely the PXXP domain of G3BP1 ( Fig. 2A ) (27) , to stabilize the interaction between G3BP1 and PKR. Indeed, pulldown of G3BP1 deletion mutants from cells shows that both the PXXP and NTF2-like domains are determinants of the strength of the G3BP1-PKR interaction (see Fig. S1C in the supplemental material).
To investigate the sites of G3BP1 and PKR interaction in more detail, we transfected HeLa cells with G3BP1 bearing mutations in the NTF2-like domain (F33W and ⌬1-11aa), which are critical for binding FGDF motifs in other proteins, although FGDF motifs do not exist in PKR (31) . Strikingly, we found that the ⌬1-11aa deletion was still capable of homodimerization with other G3BP1 monomers, while the F33W mutation is less efficient (Fig. 4A , compare lanes 10 and 11 to lane 8). We rationalized that since PKR dimerization is critical for activity (32) , G3BP1 dimerization may be important for bringing two molecules of PKR into proximity to promote PKR dimerization and activation. However, since both the ⌬1-11aa and F33W mutants displayed reduced interaction with PKR and activation, we conclude that G3BP1 dimerization is not an important function in the PKR activation scheme (Fig. 4A , compare lanes 4 and 5 to lane 2).
Both the G3BP1 F33W and ⌬1-11aa mutants also showed reduced binding of G3BP1 to Caprin1 (Fig. 4A, lanes 10 and 11) . These results indicate that two determinants of G3BP1 regulate PKR activation: (i) a functional NTF2-like domain in G3BP1, which is also required for SG formation, and (ii) the PXXP domain of G3BP1, as previously reported (Fig. 1C and D) (27) . These results also indicate that Caprin1 is important in the G3BP1-Caprin1-PKR complex for PKR activation, since both NTF2 mutants of G3BP1, which are impaired for Caprin1 binding, are deficient in PKR interaction and activation (Fig. 4A) .
G3BP1 is 64% identical to G3BP2a, and the NTF2-like domain is 82% identical between the two proteins. Furthermore, G3BP2a contains five PXXP motifs within the disordered PXXP domain, compared to one PXXP motif within G3BP1. Since our data suggest both of these domains are important for PKR interaction, we compared G3BP1 and G3BP2a for PKR binding. We found that G3BP2a is similarly capable of PKR binding (Fig. 4A , compare lanes 8 and 12) and activation (Fig. 4A, compare lanes 2 and 6) . Furthermore, G3BP2a strongly interacted with Caprin1 (Fig. 4A,  lane 12 ). Immunofluorescence analysis of individual cells indi- (C) Caprin1 (siCap1) was depleted from HeLa cells, and cells were subsequently transfected with either GFP alone or G3BP1-GFP. GFP-tagged protein was immunoprecipitated, and precipitates were analyzed by Western blotting with antibodies against GFP, Caprin1, and total PKR. Bands for total PKR were quantified and normalized against lanes 5 and 7 for siCon and siCap1, respectively. (D) G3BP1 was depleted from HeLa cells (sig 1), and cells were transfected with either GFP alone or GFP-Caprin1 followed by IP of GFP-tagged protein as described for panel C. Immunoprecipitates were analyzed by Western blotting with antibodies against GFP, total PKR, t446 P-PKR, and endogenous G3BP1, as indicated. ImageJ was used to quantify total PKR and P-PKR, which were normalized to the respective GFP control, and values for each condition are indicated. siCon indicates cells treated with nontargeting siRNAs for panels C and D. Results for all panels are representative of experiments repeated in triplicate.
cated that large G3BP2a-induced granules also induced PKR activation (see Fig. S2 in the supplemental material). Western blotting of lysates from G3BP1 KO and HeLa cells depleted for G3BP1 indicated that G3BP2 expression increased in the absence of G3BP1 expression, suggesting compensatory regulation (see Fig. S2 ; 3.4-and 2-fold upregulation of G3BP2, respectively). Although this study did not focus on G3BP2, these results are important considerations for levels of PKR activation and response to viral infection in siRNA knockdown experiments presented here and elsewhere.
Caprin1 but not G3BP1 interacts with active PKR in cells. We noted that Caprin1 was not a strong inducer of PKR activation when expressed by itself (Fig. 3D, compare lanes 1 and 2) , while G3BP1 potently induces PKR activation (Fig. 4A, compare lanes 1  and 2) . To our surprise, G3BP1 does not efficiently interact with active PKR (Fig. 4A, compare lane 7 with lanes 8 to 11) . However,
FIG 4 G3BP1 dimerization is not required for PKR activation. (A)
The indicated GFP alone, GFP-G3BP1, the NTF2 domain (amino acids 1 to 135), the GFP-G3BP1 F33W mutant, GFP-G3BP1 ⌬1-11aa (lacking the first 11 amino acids of G3BP1), or GFP-G3BP2a was transfected into HeLa cells and precipitated with anti-GFP Sepharose. Precipitated material was analyzed by Western blotting against GFP, Caprin1, total PKR, P-PKR, and endogenous G3BP1. The arrow beside the endogenous G3BP1 blot indicates the correct band, while the asterisk highlights an unknown product originating from expression of the GFP-G3BP1 ⌬1-11aa protein. ImageJ was used to quantify induction of P-PKR in the input, total PKR immunoprecipitated, and endogenous G3BP1 precipitated with the indicated GFP-tagged proteins. Band intensity for GFP alone was set to 1 in both cases. Nonessential lanes were removed from the gels in panel A (indicated by white space). (B) HeLa cells were transfected with GFP alone or G3BP1-GFP (green), and cells were stained with antibodies against t446 P-PKR (red). Untransfected (white "U") and transfected (yellow "T") cells are indicated. Results for all panels are representative of experiments repeated in triplicate.
Caprin1 can interact with active PKR in cells (Fig. 3D , compare lanes 5 and 6). These results differ from in vitro pulldown experiments with purified proteins and likely reflect the presence of an additional cofactor(s) that aids Caprin1 binding to active PKR protein. Because our results indicated that G3BP1 is important for recruitment and activation of PKR but does not interact with active PKR, we examined the subcellular localization of active PKR in IFA. As expected, the P-PKR signal was elevated in cells with large G3BP1-induced granules but not in untransfected cells or cells transfected with GFP alone (Fig. 4B) . We found that active PKR did not concentrate in G3BP1-induced stress granules (Fig. 4B) . Together with previous data implicating SGs and the PXXP domain of G3BP1 in PKR activation, we suggest that active PKR is initially recruited to SGs, activated, and then exits stress granules. This would result in most of the P-PKR signal concentrating outside the SG, which generally coincides with eIF2␣ localization in the cells used in this study (6) .
G3BP1 and Caprin1 coregulate PKR activation within the stress granule during virus infection. Our results thus far indicate that the G3BP1-Caprin1-PKR interaction is important during G3BP1-mediated PKR activation, but we were interested to know whether this mechanism is an important component of G3BP1 antiviral activity when virus-induced SGs are present. We previously reported that mengovirus, a strain of encephalomyocarditis virus (EMCV), can inhibit SG formation (16) . However, a mutant mengovirus containing two point mutations in the Zn finger domain of the L protein (Mengo-Zn) induces PKR activation ( Fig. 5A and B) (16) . In these experiments, because PKR can be activated by traditional pattern recognition by binding viral dsRNA, we sought to determine if SGs could augment this response. To confirm that G3BP1 is indeed antiviral against Mengo-Zn as it is in other picornaviruses (27), we expressed G3BP1-GFP in HeLa cells and examined PKR activation and viral replication. Similar to that in poliovirus, enterovirus 70, coxsackievirus B3, and coxsackievirus B5, G3BP1 expression suppressed Mengo-Zn replication during ectopic expression (27) (Fig. 5D ). Because these cells were infected with a mutant virus, active PKR was present in all cells, including the GFP controls. However, G3BP1-GFP expression induced further elevation of active P-PKR (Fig. 5C, compare lanes 1 and 2) . Depletion of G3BP1 also increased viral replication, as predicted (see Fig. S3 in the supplemental material). Deletion of either the NTF2-like domain or PXXP domains ablated PKR activation during infection, whereas deletion of the acidic domain did not, consistent with our protein interaction results (Fig. 5C, compare lanes 3 to 5 with lane 2) . The increase in PKR activation from the G3BP1 and G3BP1⌬acidic expression was coupled with repressed viral replication. This indicates Mengo-Zn is sensitive to effects of G3BP1-mediated PKR activation (Fig. 5D) . Overall, these data demonstrate that mengovirus is repressed by G3BP1 expression and Mengo-Zn infection can be used to study the antiviral effects of the G3BP1-Caprin1-PKR complex.
To study the antiviral effects of SGs and the G3BP1-Caprin1-PKR complex on Mengo-Zn replication, we depleted either G3BP1 or Caprin1 from HeLa cells (Fig. 6A) . Subsequently, cells were infected with Mengo-Zn at a multiplicity of infection (MOI) of 10 and harvested at 14 h postinfection (hpi), when PKR was activated (Fig. 5A) . Immunofluorescence analysis was performed to determine SG formation and PKR recruitment in individual cells by using antibodies to Tia1, a canonical SG component, and PKR. We observed a statistically significant decrease in Tia1 SGs per cell when G3BP1 was depleted and a slight increase when Caprin1 was depleted (see Fig. S3 ) (11) . We found that depletion of either G3BP1 or Caprin1 reduced the amount of PKR localizing to SGs (Fig. 6B) . However, Caprin1 depletion resulted in a more robust and statistically significant reduction in PKR concentration in stress granules (Fig. 6B) . We hypothesize that depletion of G3BP1 did not score a statistically significant effect in many cells because of the presence of G3BP2, which is both capable of PKR activation and compensates for G3BP1 expression ( Fig. 5A and 2) .
We monitored eIF2␣ phosphorylation as a proxy for PKR activation (6) during Mengo-Zn infection under G3BP1 and Caprin1 knockdown conditions in which PKR localization to SGs is reduced (Fig. 6B) . Despite the expected activation of PKR by viral dsRNA, depletion of either G3BP1 or Caprin1 caused a statistically significant reduction in PKR-dependent eIF2␣ phosphorylation consistent with the reduction in PKR localization to SGs (Fig. 6C) . This finding supports prior results that indicate that the accumulation of inactive PKR to SGs, which is dependent on the G3BP1-Caprin1 complex, is important for PKR activation and release prior to eIF2␣ phosphorylation.
Because G3BP1 promotes activation of PKR together with Caprin1, we reasoned that depletion of Caprin1 during conditions of G3BP1 overexpression would restrict G3BP1-dependent PKR activation. We examined PKR activation by monitoring eIF2␣ phosphorylation in cells with large G3BP1-induced stress granules as previously published (6) . Using this system, we observed a significant reduction in intensity of eIF2␣ phosphorylation when Caprin1 was depleted (Fig. 6D ) and in cells with large G3BP1-induced stress granules (approximately 50%) (Fig. 6E) . Taken together, using either G3BP1 expression or Mengo-Zn infection to activate PKR, we have shown that the G3BP1-Caprin1-PKR complex within SGs is important for PKR activation and subsequent eIF2␣ phosphorylation.
DISCUSSION
We report here details of a novel mechanism of PKR activation involving interaction with G3BP1 and Caprin1 within SGs, which , and siCaprin1 and infected for 14 h with Mengo-Zn. PKR intensity was normalized to Tia1 intensity for each granule and presented as a relative value. (C) HeLa cells treated with control (Con), G3BP1, or Caprin1 (Cap1) siRNAs and infected as described for panel B were stained and quantified for P-eIF2␣ intensity and are presented in a box and whisker plot. (D) HeLa cells were treated with either control or Caprin1 (Cap1)-specific siRNAs and then transfected with GFP-tagged G3BP1 (green) to induce P-PKR. Cells were fixed and stained for P-eIF2␣ (red) and DAPI (blue). (E) Levels of P-eIF2␣ were quantified from panel D as previously described (6) . All plots with statistics were analyzed with a Student t test (**, P Ͻ 0.01; ***, P Ͻ 0.001).
contributes to the previously reported antiviral function of G3BP1 against several picornaviruses (27) . This mechanism shows that SG formation, through G3BP1 and Caprin1, can induce innate immune activation. These results link activation of the cellular stress responses that assemble SGs with innate immune activation.
Taken together, our data suggest a mechanism wherein PKR is recruited to SGs in a complex with G3BP1 and Caprin1 in response to cellular stress. Dynamic interplay between these proteins may not require RNA ligands and mediates PKR activation and release from the SG. Release allows PKR to interact with downstream effectors, such as eIF2␣, and likely other innate immune activators (Fig. 7) . G3BP1 interacts with inactive PKR through both the NTF2-like and PXXP domains. Deletion of either of these domains abolishes in vitro binding, and point mutations that disrupt the function of the NTF2-like domain reduce PKR binding and activation. These point mutants are unlikely to significantly affect folding of G3BP1 such that a nonfunctional protein is produced. These G3BP1 mutants are also deficient in SG induction due to exogenous expression, in contrast to wild-type G3BP1 (data not shown). Since SGs are dynamic and intrinsically unstable, SGs are unlikely to remain assembled under the dilute conditions of our pulldown experiments. Thus, Caprin1 is likely part of a complex with G3BP1 and inactive PKR when SGs are not assembled (Fig. 7) .
Once cells encounter a stressor that assembles the SG, such as G3BP1 overexpression or mengovirus infection, G3BP1 concentrates PKR in the granule or dynamically recruits it to the stress granule to be activated. In concordance with the importance of the PXXP domain for the interaction, expression of the G3BP1⌬PXXP mutant does assemble defective stress granulelike structures, but PKR is never concentrated nor activated in cells containing G3BP1⌬PXXP mutant granules (27) . During Mengo-Zn infection, depletion of either G3BP1 or Caprin1 decreases PKR localization to SGs coincident with decreased eIF2␣ phosphorylation, which serves as a proxy for PKR activation (6) . When Caprin1 is depleted from cells prior to induction of G3BP1 stress granules, levels of P-eIF2␣ are reduced in cells with large G3BP1-induced granules (approximately 50%). These data, using two inducers of SG assembly, indicate that PKR recruitment to SGs is a prerequisite for activation by this mechanism (Fig. 7) . It is likely that P-PKR is released from the SG to seek out its substrates, because our IFA data indicate there is no enrichment of the P-PKR signal in G3BP1-induced SGs (Fig. 2) . Whether or not active PKR is released as a monomer or dimer, typically associated with PKR activation, is not clear from our data (32) . The process of release of active PKR likely involves Caprin1, which we show can interact with active PKR in cells. The notion that active PKR is released from SGs following activation fits observations that eIF2␣, the most well-characterized substrate, is rarely observed in SGs (1, 6) .
In contrast to G3BP1 overexpression experiments, many of our G3BP1 depletion experiments showed minor differences in PKR activation. This results from incomplete knockdown but also likely from the continual presence of G3BP2, which also interacts with PKR, can induce PKR activation, and compensates for G3BP1 expression in several cell lines (see Fig. S2 ). G3BP2 can also bind Caprin1, an important component of this activation mechanism (Fig. 4) . Finally, it is important to consider the relative concentrations of the components of this activation mechanism, because each protein interacts directly with the others, as shown by in vitro experiments. For example, overexpression of Caprin1 may not strongly activate PKR by itself because there is insufficient G3BP1 available to accomplish recruitment of PKR to the SG. In the context of virus infection, we propose that the SG-dependent activation by the G3BP1-Caprin1 mechanism is distinct from the canonical dsRNA-binding activation mechanism of PKR activation and further amplifies total PKR activation.
It is also interesting to note that other PKR-interacting proteins have been described that either activate PKR (PACT) or inhibit PKR (MDA7, hDUS2, and p58 IPK ) (33) (34) (35) (36) (37) (38) . IPS1 is an innate immune protein (also known as MAVS) and has been shown to promote SG formation and PKR activation (39) . However, the exact mechanism of activation of PKR by MAVS and the importance of SGs in that pathway have not been completely elucidated. Another interesting SG antagonist is NF45, which appears to bind G3BP1 (3). Strikingly, NF45 also interacts with Caprin1 and NF90 (also known as NFAR1/2). NFAR1/2 regulates PKR activation in response to the PKR activator poly(I:C), but it is unknown whether that is through G3BP1, Caprin1, or SGs (40) . Finally, cyclophilin A is involved in PKR activation. PKR activation by cyclophilin A is likely through a direct interaction and is important in SG assembly, since depletion of cyclophilin A reduces SG assembly (41) . Future work will determine if any of these factors play prominent roles in PKR activation in G3BP1-induced granules.
Many viruses have been shown to prevent or disassemble SGs during infection (42, 43) . These viruses represent diverse taxonomies, indicating the importance of SGs in a general antiviral re-
FIG 7
Model for G3BP1-Caprin1 regulation of PKR and eIF2␣ phosphorylation. Caprin1, G3BP1, and PKR exist in a complex in the cell when PKR is inactive and SGs are not induced. The NTF2-like and PXXP domains are pictured in contact with PKR based on our data. The PXXP domain is involved in interactions with mRNPs containing translation initiation factors. Upon encountering a stress and activation of some stress signaling pathways, G3BP1 mediates aggregation and the appearance of small SGs containing PKR and Caprin1. Our data indicate that these small SGs do not activate PKR, and eIF2␣ phosphorylation is not observed (6) . When small SGs coalesce into large SGs, cellular dsRNA or an unknown factor(s) (X?) activates PKR, causing reorganization of the G3BP1-Caprin1-PKR complex. Subsequently, active PKR and Caprin1 are ejected from the stress granule, where PKR seeks out the PKR substrate eIF2␣. It is unclear from our data whether active PKR released from SGs is a monomer (depicted) or dimer (not depicted).
sponse. Within the picornavirus family, poliovirus, coxsackievirus B3, EMCV, and mengovirus have all been shown to block or disassemble SGs (9, 16, (24) (25) (26) 44) . Our work indicates that viruses can impair innate immune activation, at least through PKR, by disassembling SGs and highlights the importance of this function for infectivity. Because G3BP1 is an important component of both SGs and innate immune activation through PKR, viruses that target G3BP1 for destruction can "kill two birds with one stone."
The bulk of the innate immune system is dependent on recognition of pathogen patterns via a network of pathogen pattern recognition receptors. Viruses have many mechanisms to counter pattern recognition receptors, and picornavirus proteases cleave many components (e.g., RIG-I, MDA5, and MAVS; 45). However, sensing of pathogen invasion through activation of stress responses is not dependent on pattern recognition, providing a useful alternative sensor for viral invaders. It is also possible that SGs regulate substrate specificity of PKR, which is itself a pattern recognition receptor, by assembling PKR complexes with distinct substrate specificities. In this way, the type of SG could influence downstream PKR-mediated signal transduction in a stressspecific manner.
MATERIALS AND METHODS
Plasmids and cloning. All expression constructs containing G3BP1 are derivatives of human G3BP1 wild-type coding sequences. C-terminal G3BP1-GFP-N-tagged constructs are referred to as "GFP-tagged" throughout this study. The F33W was constructed in the peGFP-C1-G3BP1 backbone and kindly provided by Gerald McInerney (Karolinska Institute, Solna, Sweden), and extensive characterization has been reported elsewhere (31) . N-terminal GFP-tagged constructs are peGFP-C1-G3BP1, in the peGFP-C1 backbone (Clontech). Caprin1 was expressed from the pcDNA4/TO vector (Life Technologies).
Maltose binding protein bacterial expression constructs for G3BP1 purification were generated by subcloning G3BP1 into pMal-c2e to generate pMal-G3BP1. pMS2-MBP was kindly provided by Tom Cooper (BCM, Houston, TX).
pTYB2-PKR and pTYB2-PKR (PP) were used to generate the active and inactive PKR proteins, respectively. These constructs were kindly provided by Graeme Conn (Emory University, Atlanta, GA) (28) .
Virus. All Mengo-Zn infections were single-cycle infections at an MOI of 10 conducted in 2% fetal bovine serum (FBS)-Dulbecco's modified Eagle's medium (DMEM). Mengo-Zn was added to cells and incubated for 4 h prior to cells being washed with PBS and the addition of fresh 2% FBS-DMEM. After the completion of the infection judged by the appearance of cytoplasmic effect in 80% of cells, supernatants were removed and 50% tissue culture infectious dose (TCID 50 ) assays were performed to quantify virus titers. TCID 50 assays were performed on each sample in 96-well plates in duplicate on BHK21 cells. Each assay was repeated at least three times.
Cell culture and transfections. Cells were cultured under standard conditions of 10% FBS in DMEM. G3BP1-knockout (KO) mouse embryonic fibroblasts (MEFs) were a kind gift from Sophy Martin and Jamal Tazi (CNRS, France) (46) . For analysis of G3BP1-induced stress granules, G3BP1 expression constructs were transfected using Fugene HD under conditions optimized for SG induction, as previously described (Promega) (6) . For expression of other transgenes, cells were transfected with Fugene HD in 2% FBS-DMEM overnight and harvested the following day for analysis. This procedure typically yielded greater than 70% transfection efficiency for GFP expression constructs. siRNAs were performed with a neon electroporation device (Life Technologies) in accordance with the manufacturer's instructions. siRNAs were transfected at 500 pmol per 3 million cells. siRNA experiments were harvested 48 or 72 h posttransfection. Arsenite was used at 500 M for 30 min at 37°C for experiments in which arsenite was used as a control for eIF2␣ phosphorylation.
Immunofluorescence microscopy. Both epifluorescent and deconvolution microscopy (IF) were performed in the Integrated Microscopy Core at Baylor College of Medicine. Epifluorescence microscopy was performed using a Nikon TE2000 microscope, and deconvolution microscopy experiments were performed using an Applied Precision DeltaVision image restoration microscope with conservative deconvolution algorithms. Microscopy was performed essentially as described previously (6) . Primary antibodies were bound either for 2 h at room temperature or overnight at 4°C. All secondary antibodies (Molecular Probes) were used at 1:1,000 for 30 min at 25°C. All images were processed using Adobe Photoshop CS4.
Quantification. For quantification of eIF2␣ phosphorylation to determine the percentage of cells with P-eIF2␣, microscope parameters were calibrated relative to arsenite-treated control cells containing SGs. Two hundred to 300 cells were counted for each condition. eIF2␣ phosphorylation was scored as 0 when eIF2␣ phosphorylation was absent and 1 when present. For the intensity of P-eIF2␣ measurements, ImageJ was used to set thresholds to quantify P-eIF2␣ in at least 3 fields with at least 25 cells per condition. For virus infections, more than 150 cells per condition were used. For PKR quantification in SGs, staining was performed with an anti-PKR antibody (ProSci), and at least 50 Tia1-positive SGs were scored in at least 10 cells. PKR intensity was normalized to Tia1 intensity obtained using ImageJ for each granule prior to population analysis.
ImageJ was used to quantify pulldown experiments after Western blotting by using standard densitometry procedures. An internal control (typically total PKR or the corresponding band in a GFP control pulldown) was used to normalize values obtained by quantifying bands in Western blots.
Protein purification. MS2-MBP, MBP-G3BP1, and MBP-G3BP1 deletion mutants were purified as previously described. Briefly, protein was expressed in Rosetta cells (Novagen) for 3 h at 30°C with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Cells were then lysed by sonication for 1 min in column buffer (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1 mM EDTA, 10% glycerol), and lysates were cleared by centrifugation and incubated with amylose resin at 4°C with tumbling (New England Biolabs). Subsequently, amylose Sepharose-immobilized MBP-tagged proteins were washed and eluted with 10 mM maltose in column buffer prior to dialysis into buffer containing 0.1 M phosphatebuffered saline (PBS) and 50% glycerol. MBPs were analyzed by SDS-PAGE for protein integrity, and protein concentrations were quantified by comparison to bovine serum albumin (BSA) standards. PKR protein was generated as previously described (28) . Caprin1 purified from HEK cells is commercially available (OriGene).
MBP pulldown studies. For in vitro MBP pulldown studies, MBPtagged G3BP1 protein (~1 g) was incubated with PKR protein (~1 g) for 2 h at 4°C with tumbling at a final volume of 500 l. Equilibrated amylose resin was then added for an additional 30 min to 1 h with tumbling. Samples were then washed 4 times with NETN (20 mM Tri-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 0.1% NP-40) buffer prior to elution, SDS-PAGE, and Western blotting.
Immunoprecipitations. HeLa cells were harvested in RIPA buffer (50 mM Tris-HCl [pH 7.4], 150 mM KCl, 2 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate). Cleared lysates were quantified using a bicinchoninic acid (BCA) assay (Pierce). Either 500 g or 2 mg of protein lysate was then aliquoted into 60% RIPA-40% NETN buffer for pulldown experiments at 4°C. GFP-nAb magnetic Sepharose resin (Allele Biotech) was blocked with 0.5% BSA in NETN for 1 h at 4°C. Blocked resin was added to pulldown reaction mixtures for no more than 1 h at 4°C with tumbling, and reaction mixtures were washed for 5 to 10 min with 0.5 to 1 ml NETN buffer prior to elution with 2ϫ Laemmli sample buffer.
Western blotting. SDS-PAGE was performed and proteins were transferred to a nitrocellulose membrane in accordance with standard procedures. Membranes were blocked with either 5% BSA in TBST (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.1% Tween 20) or Sea Block (Pierce), and the primary antibody was incubated for 3 h at room temperature or overnight at 4°C. Secondary antibodies were incubated for 1 h at room temperature in TBST prior to detection with ECL reagents (Thermo) or Odyssey infrared imaging.
Plaque assays. Plaque assays were performed in triplicate on supernatants from HeLa cells transfected with G3BP1-GFP and infected with Mengo-Zn at an MOI of 10 for 14 h. Plaque assays were done with half-log dilutions over the range of the titer using BHK cells with a 0.5% methylcellulose overlay. Plaque assays were allowed to develop for 2 days before plaques were stained with 1% crystal violet and counted.
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